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ABSTRACT
27
The fork-head box transcription factor FoxM1 is essential for hepatocellular carcinoma 37 inhibits expression of FoxM1, and inhibits FoxM1-induced tumorigenicity of HCC cells.
38
Moreover, expression of FoxA2 in mouse liver expressing activated Ras inhibits FoxM1 39 expression and inhibits HCC progression. The observations provide strong genetic 40 evidence for an opposing role of FoxM1 and FoxA2 in HCC progression.
AUTHOR SUMMARY

42
Liver cancer remains untreatable because it is diagnosed at a stage when the cancer is 43 aggressive and resistant to therapeutics. The mechanism that drives aggressive liver 44 cancer is poorly understood. These cancers are made up of poorly differentiated cancer 45 cells. Interestingly, the FoxM1 gene is overexpressed in the aggressive liver cancers.
46
Although FoxM1 is important for expression of the proliferation genes, it does not 47 explain why it is overexpressed mainly in the undifferentiated cancers. The current 48 study addresses this puzzle. Our previous studies demonstrated that FoxM1 increases 49 expression of the pluripotency genes that are expressed mainly in the stem-like cells. In 50 the current manuscript we show that, in addition to activating the pluripotency genes,
51
FoxM1 inhibits expression of the liver differentiation gene FoxA2. Overexpression of 52 FoxM1 is important for this inhibition function, as it involves the retinoblastoma family 53 of proteins, which are often inactivated in cancer cells, and thus, are of low-abundance.
54
Moreover, the inhibition of FoxA2 is significant because FoxA2 could inhibit 55 expression of the pluripotency genes as well as FoxM1. Fig. S1A ). However, TCGA dataset did not 120 show significant correlation between RNA expressions of FoxM1 and FoxA2. That 121 could be due to contributions from other cell types known to be present in HCC samples.
122
Therefore, we carried out immunohistochemical staining for the FoxM1 and FoxA2 123 proteins using tissue microarrays derived from consecutive sections of HCC specimens.
124
There was an obvious difference in the expression pattern of FoxM1 and FoxA2. In the 125 grade I samples, FoxA2 is vividly detectable, whereas the nuclear expression of FoxM1 126 is low ( Fig. 1A-B ). On the other hand, in the grade III specimens, expression of FoxA2 127 is low, but there was abundant expression of FoxM1. Pearson correlation analyses of 128 FoxM1 and FoxA2 expression in the consecutive TMAs indicated a strong negative 129 correlation (Fig. 1C ). In normal human liver sections expression of FoxM1 is low,
130
whereas FoxA2 is expressed at high levels (supplemental Fig. S1B ). FoxM1-deletion exhibited very little expression of FoxA2 ( Fig. 2A-B ). But, in the 143 FoxM1-deleted samples there was a significant increase in the FoxA2 ( Fig. 2A-B ). The 
131
Deletion of FoxM1 in a Ras-transgenic model for HCC causes accumulation of
159
To determine whether a direct mechanism is in play, we sought to determine whether 
193
S4A-B) that also binds to Rb and DNMT3b (Fig. S4C ).
194
FoxM1 inhibits FoxA2 in G1 and stimulates pluripotency genes in S/G2/M phases 195
Given that Rb is required for FoxM1 mediated repression of FoxA2, we predicted that Oct-4 and Nanog in G1 cells. Also, an unrelated gene Fyn did not show any significant 211 changes in the G1 and S phase cells.
212
FoxA2 inhibits the pluripotency genes and blocks auto-activation of FoxM1
213
Expression of FoxM1 caused a significant increase in the number of spheres when cells 214 were plated in sphere formation media ( Fig. 6A-B) . Expression of FoxA2, on the other 
218
6C and Fig. S5A ). Moreover, expression of FoxA2 caused increases in the expression of 219 the hepatocyte differentiation markers ALB, AAT and HNF4α (Fig. 6D ). It is 220 noteworthy that inhibition of FoxM1 also increased expression of those differentiation 221 genes (supplemental Fig. S5B ).
222
The inhibition of FoxM1 by FoxA2 is interesting because that could be the mechanism 223 by which FoxA2 inhibits the pluripotency genes. We did not detect an interaction 224 between Rb and FoxA2. Therefore, we considered other possibilities. For example,
225
FoxM1 was shown to auto-activate its own transcription [24] . In chromatin-IP assays 226 we detected interactions of FoxM1 with multiple sites in the FoxM1 promoter ( Fig. 6E) .
227
Since FoxA2 bind to similar cognate DNA-elements, we considered the possibility that
228
FoxA2 could compete with FoxM1 and inhibit its binding. Consistent with that notion 229 we observed strong inhibitions of FoxM1-binding to its own promoter when FoxA2 was 230 over-expressed ( Fig. 6F ).
231
FoxA2 inhibits FoxM1b-induced clonogenicity and soft agar colony formation 232
FoxM1 is a pro-proliferation transcription factor that also inhibits apoptosis, and drives 233 aggressive progression of cancers when over-expressed [25] . If repression of FoxA2 is 234 important, the prediction is that expression of FoxA2 would inhibit the FoxM1 235 pathways in HCC cells. We observed that expression of FoxM1 led to significant 236 increases in clonogenicity of the Huh7 cells ( Fig. 7A and supplemental Fig. S6A ).
237
Expression of FoxA2 alone did not show any significant effect, but when expressed in 238 combination with FoxM1 they strongly inhibited the FoxM1-induced increased 239 clonogenicity of the Huh7 cells ( Fig. 7A and supplemental Fig. S6A) . Similarly, co-240 expression of FoxA2 inhibited FoxM1-induced increase in soft agar colonies ( Fig. 7B 241 and supplemental Fig. S6B ). As expected from the observation that FoxA2 inhibit auto-242 activation of FoxM1, we consistently observed that expression of FoxA2 affected the 243 levels of total FoxM1. FoxA2 did not have any significant effect on the co-expressed 244 Flag tagged FoxM1b levels (Fig. 7C, Flag panel) . However, expression of Flag-
245
FoxM1b increased the levels of the endogenous FoxM1 (Fig. 7C, top panel) , and co-246 expression of FoxA2 inhibited the increase of the endogenous FoxM1 (Fig. 7C, top 247 panel). The results are consistent with a model in which FoxM1 and FoxA2 have 248 opposite regulatory effects on each other.
249
FoxA2 inhibits FoxM1 and Ras-induced HCC
250
We showed that FoxM1 is essential for progression of Ras-induced HCC (). Based on 251 the observation that FoxA2 inhibits FoxM1 expression, we predicted that FoxA2 would 252 inhibit Ras-induced HCC progression. We tested that by tail vein injection of FoxA2- that suppression is important for expression of the pluripotency genes in S/G2 phases of 268 the cell cycle. Also, we show that FoxA2 regulates FoxM1 expression by blocking its 269 auto-activation mechanism. Our results suggest that it is the level of FoxM1 versus
270
FoxA2 that determine the differentiation state of the HCC cells.
271
Reduced expression of FoxA2 coincides with over-expression of FoxM1 (Fig. 1) 
